The classic form of Kaposi's sarcoma (KS) was first described as "idiopathic multiple pigmented sarcoma" of the skin by Moritz Kaposi in 1872 (73) . The causative agent for the disease was identified more than a century later as a DNA virus belonging to the gammaherpesvirus family with substantial sequence similarity to other oncogenic primate gammaherpesviruses, including herpesvirus saimiri, rhesus rhadinovirus, and Epstein-Barr virus (EBV) (27, 46, 54, 67) . Although Kaposi's patients were elderly, otherwise healthy, men, KS now occurs primarily in immunosuppressed patients, such as those with AIDS and recipients of organ transplantation (1, 8, 11) . KS is also endemic to sub-Saharan Africa (12, 13) . KS-associated herpesvirus (KSHV) also causes lymphoproliferative disorders, such as body cavity-based primary effusion lymphomas (PELs) and multicentric Castleman's disease, primarily in patients with AIDS (3, 70) .
The KSHV genome contains more than 85 open reading frames (ORF) that include genes encoding homologues of cellular genes, such as cyclin, G protein-coupled receptor, chemokines, and cytokines (9, 50) . These viral genes influence many aspects of cellular physiology to regulate cell proliferation, apoptosis, and immunity. Immediately after infection, KSHV establishes a latent state during which only a few KSHV genes are expressed. These include ORF K1 (an integral membrane protein), K12 (kaposin A), K15 (transmembrane proteins), ORF 73 (a latency-associated nuclear antigen), ORF72
(a viral homologue of cyclin D), and ORF K13 (vFLIP, a homolog of a cellular inhibitor of apoptosis) (16, 58, 68, 74, 87) . It is not clear what triggers KHSV to switch from latency to lytic replication in vivo; however, chemicals, such as phorbol ester and butyric acid, have induced the KSHV lytic cycle in cultured cells derived from PELs (47, 85) . In these cell culture systems, genes expressed during the lytic cycle have been classified into three categories: immediate early, delayed early, and late. Early genes are expressed prior to and late genes are expressed after viral DNA replication. The immediate-early group refers to those genes whose transcripts can be induced without de novo protein synthesis. Several regions giving rise to immediate-early transcripts have been identified in the KSHV genome, including ORF50, ORF 48/29b, ORF45, ORFK4.2, and ORF K8 (66, 86) .
Both latent and lytic viral gene products play essential roles in oncogenesis by KSHV. For example, latency-associated nuclear antigen has been shown to interact with the tumor suppressor p53 and inhibit p53 transcriptional activity (21) . Although the majority of cells in KSHV-associated tumors are latently infected and exhibit a restricted pattern of viral gene expression, some monocytic cells and spindle cells in KS lesions also express lytic genes (49, 72) . Lytic viral replication is vital for viral transmission between cells and among individuals. Ganciclovir, which functions by inhibiting viral DNA replication, markedly reduces KS incidence in human immunodeficiency virus type 1-infected patients (42) . KSHV lytic genes may also play important direct roles in KSHV-mediated oncogenesis. For example viral interleukin 6 promotes cell proliferation and prevents apoptosis (28, 43) . vFLIP, a latent product, and vBcl-2, a lytic product, may both be important for tumorigenesis and tumor maintenance as they block apoptosis (24) .
Although the detailed mechanism of how KSHV undergoes the switch from latency to lytic replication is not fully understood, studies of ORF50 have demonstrated that its product plays a key role in this process. ORF50 (also called KSHV replication and transcription activator, or Rta) encodes a protein of 691 amino acids that shares significant homology with ORF50a of herpesvirus saimiri and Rta (R transactivator) encoded by BRLF1 of EBV (56, 76, 83) . The function of these proteins as immediate-early transactivators appears to be conserved among all gammaherpesviruses. ORF50 mRNA is detected within 2 to 4 h after chemical induction of PEL-derived cell lines in the presence of cycloheximide, an inhibitor of protein synthesis (77) . ORF50 has been shown to increase the expression of KSHV early and late genes, such as viral interleukin 6, polyadenylated nuclear RNA, and small viral capsid protein, encoded by ORF65; it has also been shown to drive the KSHV lytic cycle into completion in HH-B2 cells (23, 39, 76) . These experiments suggest that ORF50 expression is sufficient to activate the entire KSHV lytic replication cascade. A mutant form of ORF50 that lacks the carboxyl terminal transactivation domain acts as a repressor to block KSHV replication induced by wildtype ORF50 or chemicals, suggesting that ORF50 is not only sufficient but required for KSHV lytic induction (38) .
ORF50 protein has been shown to stimulate the expression of KSHV lytic genes by several distinct mechanisms. ORF50 activates the expression of polyadenylated nuclear RNA and K12 directly, by binding to specific elements in their promoters (10, 69) . ORF50 interacts with RBP-J and, through this interaction, indirectly activates the expression of two other viral genes, mRNA transcript accumulation (ORF57) and major single-stranded-DNA-binding protein (SSB, ORF6) (34) .
Most reported studies deal with the question of how the ORF50 protein regulates expression of other viral genes. The essential question of how ORF50 gene expression is regulated remains largely unanswered. Wang et al. have shown that the phorbol ester tetradecanoyl phorbol acetate (TPA) leads to enhanced binding of AP1 and CCAAT/enhancer-binding protein ␣ (C/EBP␣) to the ORF50 promoter and rapid phosphorylation of c-JUN (81, 82) . It has also been shown that ORF50 activates itself, and octomer-binding protein 1 mediates this autostimulation (65) . However, autoactivation can only be used to amplify ORF50 expression and does not provide the mechanism for the initial step of induction of ORF50 expression in response to environmental stimuli. In the studies presented here, we address the question of how ORF50 is regulated by cellular genes. We identified an element in the ORF50 promoter that is essential for its constitutive activity and mediates induction by butyrate. We further showed that this element is a bona fide stimulating protein 1 (Sp1) binding site and demonstrated that Sp1 activated the ORF50 promoter by luciferase reporter assays with insect and human cells. Moreover, we found that, following butyrate treatment of PEL cell lines, Sp1 and its associated coactivators were transiently induced to bind to the ORF50 promoter in vivo.
MATERIALS AND METHODS
Cell lines. PEL cell lines HH-B2, BC1, and BC3 were maintained in RPMI 1640 supplemented with 15% fetal calf serum, penicillin (50 U/ml), streptomycin (50 g/ml), and amphotericin B (1 g/ml). Cells were grown at 37°C under 5% CO 2 . Drosophila melanogaster Schneider cells (S2) were grown in Schneider's Drosophila media (Invitrogen) supplemented with 10% fetal calf serum and antibiotics (50 U of penicillin/ml, 50 g of streptomycin) at 26°C. HKB5/B5 cells, a somatic cell hybrid between 293 human embryonic kidney cells and HH514-16 Burkitt lymphoma cells were cultured in RPMI 1640 supplemented with 5% fetal calf serum, penicillin (50 U/ml), streptomycin (50 g/ml), and amphotericin B (1 g/ml).
Reagents and antibodies. Phorbol-12-myristate-13-acetate (PMA) purchased from Sigma was used at 20 ng/ml. Sodium butyrate purchased from Sigma was used at 3 mM. Trichostatin A (TSA) from Wako was used at 5 M. Antibodies against Sp1, Sp3, E2F-1, Ku-70, CBP, and p300 were purchased from Santa Cruz Biotechnology. Horseradish peroxidase-conjugated goat anti-rabbit antibody was purchased from Amersham. Rabbit polyclonal antibodies against ORF50 were made in our laboratory by using the bacterially expressed carboxyl-terminal half (amino acids 333 to 691) of the ORF50 protein.
Plasmids. pLuc was made by ligating firefly (Phontinus pyralis) luciferase cDNA into the pcDNA3.1 vector (Invitrogen). Luciferase cDNA was amplified from pGL2 (Promega) by PCR with Pfu polymerase. A BamHI recognition sequence was included in the 5Ј primer (GTTGGATCCATGGAAGACGCCA AAAACATAAAG) and an XhoI site was included in the 3Ј primer (TGTCTC GAGTTACAATTTGGACTTTCCGCCCTT) to facilitate subcloning of luciferase cDNA into the pcDNA3.1 vector linearized with BamHI and XhoI. The resulting construct (pcDNA-Luc) was digested with BglII and HindIII to delete a 900-bp fragment that includes the cytomegalovirus promoter and enhancer sequences, the ends were filled, and the plasmid was religated to make the pLuc control reporter. ORF50 promoter sequences of different lengths were amplified from BC1 genomic DNA by PCR with Pfu polymerase. The same 3Ј primer (TTG AAGCTTTTTTGTGGCTGCCTGGACAGTAT) and different 5Ј primers were employed (2,500 bp, ACAAGATCTATCCACACTAAACGCCAGGCCAG; 950 bp, TCAAGATCTCTGCCCATGGGCGGGTGGGTG; 134 bp, AAAAGATCTG CAGCTACCGGCGACTCATTAAG; 115 bp, GCGAGATCTTAAGCCCCGCC CAGAAACCAGT; 95 bp, CAGAGATCTGTAGCTGGGTGGCAATGACACG; 75 bp, GCAAGATCTCGTCCCCTTTAAAAAGTCAACCTT; 69 bp, ACAAGA TCTCTTTAAAAAGTCAACCTTACTCCG; 60 bp, TTTAGATCTGTCAACCT TACTCCGCAAGGGG). A BglII recognition sequence was included in the 5Ј primer, and a HindIII site was included in the 3Ј primer. PCR products were digested with BglII and HindIII and ligated into the pcDNA-Luc vector linearized with the same enzymes to generate the p2500Luc, p950Luc, p134Luc, p115Luc, p95Luc, p75Luc, p69Luc, and p60Luc reporters, respectively. Each plasmid construct was confirmed by restriction digestion and DNA sequencing. Linker insertion mutants of p134Luc shown in Fig. 3A were made with the QuikChange site-directed mutagenesis kit (Stratagene).
The full-length Sp1 clone was constructed by two-stage PCR from cDNA clones. A PCR product of amino acids 1 to 102 of Sp1 (PCR-A) was generated from plasmid pOTB7 (ATCC 9406919; purchased from the American Type Culture Collection). A second PCR product of amino acids 83 to 779 (PCR-B) was generated from plasmid pEVR2. PCR-A was made by using primers GCGCGAATTCGGATGAT GAAATGACAGCTGTG and GATCTGCCAGCCATTGCCACC. PCR-B was generated by using primers ACCAGGTGAGCTTGACCTCACA and GCGCCTC GAGTCAGAAGCCATTGCCACT. Purified PCR-A and PCR-B products were mixed and used as template for a second-step PCR (PCR-C) by using primers CGCGAATTCGGATGGATGAAATGACAGCTGTG and GCGCCTCGAGTC AGAAGCCATTGCCACT. An aliquot of the PCR-C reaction was run on a 0.75% agarose gel. The remaining PCR was phenol-chloroform extracted once, followed by one chloroform extraction. The DNA was ethyl alcohol (EtOH) precipitated, and the pellet was washed once with 70% EtOH and dried. The pellet was resuspended in restriction digest mix and digested with EcoRI and XhoI. The DNA was purified and ligated to the EcoRI/XhoI-digested pET22 vector. A positive clone was confirmed by sequencing. This clone was used as the source of full-length Sp1 for cloning into pCMVHA. A full-length Sp1 PCR product was generated by using primers GCGCGAATTCGGGATGAAATGACAGCTGTG and GCGCCTCGAGTCAG AAGCCATTGCCACT. The product was purified, digested, and ligated into the vector pCMVHA cut with EcoRI/XhoI. Transformants were screened by restriction enzyme digestion, and a positive clone (pCMVHA-Sp1) was confirmed by sequencing. The full-length Sp1 cDNA was in frame with the hemagglutinin tag.
Transfection and luciferase reporter assay. HH-B2 cells were transfected with 8 g of DNA by electroporation. Cells were harvested and resuspended in growth media at 3.25 ϫ 10 7 /ml. An aliquot of 0.4 ml of cells (about 1.5 ϫ 10 7 ) was transferred into an electroporation cuvette (0.4 cm; Bio-Rad) and was electroporated at 250 V and 960 F. Cells were then seeded in 15 ml of fresh media and grown for 48 h before being harvested. The transfection efficiency of HH-B2 cells was about 1.8%, as assessed by the green fluorescent protein expression vector pGreenLantern (Invitrogen). This efficiency was highly reproducible in different transfections. Drosophila Schneider cells (S2) were transfected with Lipofectin (Invitrogen) according to the manufacturer's recommended protocol. Cells were resuspended in Schneider's Drosophila medium (Invitrogen) at a concentration of 5 ϫ 10 6 /ml and aliquoted into six-well plates. One microgram of DNA and 6 l of Lipofectin reagent (2 mg/ml) were diluted into 100 l of Schneider's Drosophila medium, mixed, and incubated at room temperature for 30 min. The DNA-Lipofectin mixture was added to 1 ml of cells and incubated for 3 to 4 h. Serum was added to a final concentration of 10%. Cells were incubated for 48 h and collected for a luciferase activity assay. HKB5/B5 cells were transfected with DMRIE-C reagent (Invitrogen). Four micrograms of DNA and 12 l of DMRIE-C reagent (2 mg/ml) were diluted in 0.5 ml of OPTI-MEM1 reduced serum medium (Invitrogen) and mixed, incubated at room temperature for 30 min. HKB5/B5 cells (2 ϫ 10 6 ) in 0.2 ml of OPTI-MEM1 medium were added to the mixture in each well of a six-well plate. Cells were incubated at 37°C in a CO 2 incubator for 4 h before the addition of serum to a final concentration of 5%. Cells were furthered cultured for 20 h and then harvested for luciferase assay. All transfection and luciferase reporter assays were repeated at least three times.
RNA isolation and RT-PCR. Total RNA was isolated from 1.5 ϫ 10 7 HH-B2 cells by using an RNeasy mini kit (Qiagen). Each RNA sample was treated with 30 U of DNase I by using the RNase-free DNase set (Qiagen). RNA was quantified by UV spectrometry. Total RNA (0.5 g) was used as a template for reverse transcription (RT)-PCR to amplify an ϳ350-bp fragment from ORF50 mRNA by using the SuperScript one-step RT-PCR system (Invitrogen). The primer pair (forward, GCAGCCACAAAAATGGCGCAAGATG; reverse, CA TCCCAAGGCATTATTCGGATCCT) spans the only intron of the ORF50 gene so that the PCR product could be differentiated from amplifications of residual genomic DNA (ϳ1.3 kbp). PCR products were resolved by 2% agarose gel electrophoresis. A multi-intron-spanning primer pair (forward, TGAAGGT CGGAGTCAACGGATTTGG; reverse, GACTGTGGTCATGAGTCCTTCC ACG) was used to amplify an ϳ520-bp fragment from the human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
Western blot. Polypeptides in a cell lysate were resolved on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and transferred to a nitrocellulose filter membrane by using the Trans-Blot SD semidry transfer cell (Bio-Rad Laboratories). The membrane was blocked in Tris-buffered saline (TBS; 20 mM Tris-Cl [pH 7.5], 150 mM NaCl) with 5% nonfat milk for 1 h at room temperature. The blocked membrane was then incubated with the first antibody for 1 h at room temperature or overnight at 4°C. The membrane was then washed three times, for 5 min each wash, with TBS plus 0.2% Triton X-100, one time with TBS plus 1% Triton X-100 and 12% urea, and one time with TBS. The membrane was incubated with a 1:20,000 dilution of horseradish peroxidase-conjugated secondary antibody (Amersham) for 1 h, and washes were repeated. Protein bands were detected by enhanced chemiluminescence fluorography.
EMSA. About 1.5 ϫ 10 7 HH-B2 cells were collected by low-speed centrifugation (500 ϫ g, 5 min) and washed once with 15 ml of ice-cold phosphate-buffered saline. Cells were incubated in NP-40 lysis buffer (10 mM Tris-Cl [pH 7.4], 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40) for 5 min on ice. Nuclei were collected by low-speed centrifugation (500 ϫ g, 5 min) and washed twice with NP-40 lysis buffer. Nuclear extract was prepared by treatment with high-salt buffer (20 mM HEPES [pH 7.5], 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 2 g of aprotinin/ml). The protein concentration of nuclear extract was measured by Bradford assay (Bio-Rad Laboratories). Five micrograms of nuclear extract protein was used per reaction in electrophoretic mobility shift assay (EMSA) experiments. The DNA probes were end-labeled with [␥-32 P]ATP and incubated with nuclear extract in DNA-binding buffer (10 mM HEPES [pH 7.5], 50 mM NaCl, 2 mM MgCl 2 , 2.5 mM ZnSO 4 , 0.5 mM EDTA, 1 mM dithiothreitol, and 15% glycerol). Five micrograms of poly(dI-dC) was included per reaction to reduce nonspecific DNA binding. When applicable, cold unlabeled duplex oligonucleotide competitors were added before the addition of DNA probe. Supershift antibodies were added 5 min after mixing nuclear extract and the probe. After 25 min at room temperature, the reaction mixture was loaded onto a 6% polyacrylamide gel to resolve the DNA-protein complexes by electrophoresis. After electrophoresis, gels were fixed in 10% methanol and 10% acetic acid and dried onto Whatman 3M filter paper in a gel dryer (Bio-Rad). DNA-protein complexes were visualized by X-ray autoradiography.
ChIP. HH-B2 cells were treated with 1% formaldehyde for 10 min and then with 125 mM glycine for 5 min at room temperature. Cells were pelleted and washed once with ice-cold phosphate-buffered saline. To prepare chromatin lysate, cells were resuspended in SDS lysis buffer (1% SDS, 50 mM Tris-Cl [pH 8 .0], 10 mM EDTA, and 1ϫ protease inhibitor cocktail [Roche Biochemistry]). The lysates were sonicated three times for 10 s to shear chromatin DNA to an average of 200 to 500 bp and centrifuged at ϳ10,000 ϫ g for 15 min at 4°C. The supernatant was transferred to a fresh tube and was measured for absorbance at 260 nm. An equivalent of 1 ml of supernatant at an optical density at 260 nm of 1 was diluted in chromatin immunoprecipitation (ChIP) dilution buffer (0.1% SDS, 1% Triton X-100, 15 mM Tris-Cl [pH 8.0], 1 mM EDTA, 150 mM NaCl, and 1ϫ protease inhibitor cocktail). To preclear the lysate, 5 l of protein G agarose beads was added to the diluted chromatin lysate and incubated for 1 h at 4°C in a rotator. The protein G beads were removed by brief centrifugation. Ten micrograms of control immunoglobulin G or specific antibodies and 5 l of protein G beads was added to the precleared lysate and incubated overnight at 4°C in a rotator. Immune complexes (antibody-protein-DNA) were washed sequentially with the following buffers: buffer 1, 0.1% SDS, 1% Triton X-100, 20 mM Tris-Cl (pH 8.0), 2 mM EDTA, 150 mM NaCl, and 0.1 g of aprotinin/ml; buffer 2, 0.1% SDS, 1% Triton X-100, 20 mM Tris-Cl (pH 8.0), 2 mM EDTA, 500 mM NaCl, and 0.1 g of aprotinin/ml; buffer 3, 250 mM LiCl, 1% NP-40, 1% sodium deoxycholate, 10 mM Tris-Cl (pH 8.0), and 1 mM EDTA; buffer 4, 10 mM Tris-Cl (pH 8.0) and 1 mM EDTA. Immune complexes were then eluted with 250 l of 1% SDS and 100 mM NaHCO 3 for 10 min at 65°C. NaCl was added to the eluate to a final concentration of 200 mM, and the eluate was incubated at 65°C for 5 h to reverse cross-links. Protein and RNA were digested with proteinase K (0.2 mg/ml) and RNase A (0.2 mg/ml) for 30 min at 37°C. DNA was extracted sequentially with phenol, phenol-chloroform, and chloroform and precipitated with 2 volumes of EtOH at Ϫ20°C overnight. The DNA pellet was collected by centrifugation, washed with 70% EtOH, and dissolved in 50 l of sterile double-distilled H 2 O. Two microliters of DNA solution was used for PCR analysis to detect an ORF50 promoter-specific sequence (5Ј primer, GCAGCTACCGGCGACTCATTAAG; 3Ј primer, TGCCTGGACAGTATTC TCACAACAG; product size, 125 bp) or a control DNA fragment from the ORF K8 coding region (5Ј primer, GCTCGCTGTTGTCAACCTACGTAG; 3Ј primer, GTGTGGTCCTCTTGGTGGTGTGTG; product size, 197 bp).
RESULTS
Sodium butyrate reproducibly induces ORF50 gene expression. Sodium butyrate and TSA potently activated KSHV ORF50 protein expression in three PEL cell lines (Fig. 1A) . Both drugs are inhibitors of histone deacetylase and lead to hyperacetylation of the tails of histones H4 in these cell lines (Fig. 1A) . However, TSA, which was a more potent inducer of H4 hyperacetylation, was a less effective activator of ORF50 protein expression. In some PEL cell backgrounds, such as BC-1 and BC-3, phorbol esters were as potent as histone deacetylase inhibitors in inducing ORF50 protein expression, but in others, such as HH-B2 cells, phorbol esters were minimally active. Phorbol esters did not cause hyperacetylation of H4 (Fig. 1A) . Thus, treatment with butyrate allows exploration of the lytic cycle induction pathway upstream of ORF50 gene expression in several KSHV-infected PEL cell lines.
Within 4 h after treatment with butyrate, there was a reproducible increase in ORF50 mRNA abundance detectable by an RT-PCR assay with HH-B2 cells (Fig. 1B) . This increase in ORF50 mRNA was not inhibited by cycloheximide. By 13 and 24 h after butyrate treatment, there was a further increase in the abundance of ORF50 mRNA which was slightly, but not completely, dampened by cycloheximide treatment. Thus, the initial phase of ORF50 gene expression induced by butyrate occurs rapidly and is independent of de novo protein synthesis. A later phase, possibly due to autostimulation, involves protein synthesis.
Identification of a butyrate-responsive element in the promoter of ORF50. By means of a series of ORF50 promoter truncations linked to a firefly luciferase reporter, a butyrateresponsive region of the ORF50 promoter was found to be located between 95 and 115 nucleotides (nt) upstream of the ATG start codon of ORF50 ( Fig. 2B and C) . Deletions downstream of 115 nt reduced basal ORF50 promoter activity and VOL. 79, 2005 BUTYRATE INDUCES KSHV ORF50 EXPRESSION VIA Sp1 1399 eliminated its responsiveness to butyrate (Fig. 2C) . The response of ORF50-luc to butyrate was observed in several KSHV-positive and KSHV-negative B cell lines (data not shown). While treatment with TSA induced expression of ORF50 protein (Fig. 1A ) and ORF50 mRNA (data not shown), in KSHV-infected HH-B2 cells, TSA exerted only minimal effects on expression of the ORF50p-luciferase reporters ( Fig. 2B and C) . A putative Sp1 binding site is required for butyrate responsiveness of the ORF50 promoter. The butyrate-responsive clones ORF50p134luc and ORF50p115luc contain a putative Sp1 response element located 103 to 112 nt upstream of the ATG of ORF50 (Ϫ103 to Ϫ112). To determine whether this Sp1 site mediated the response to butyrate, a series of linker-scanning insertion mutants were placed in the ORF50p134Luc construct (Fig. 3) . Spontaneous transcriptional activity was decreased in all five linker-scanning mutants in the region from Ϫ61 to Ϫ112; however, only one mutant, ORF50p134m1, lost responsiveness to butyrate. This mutant destroyed the Sp1 site. The other four linker-scanning mutants retained a 2.4-fold to 8.8-fold response to butyrate. Replacement of the putative TATA box effectively annulled the spontaneous activity of the ORF50 promoter, but this mutant, ORF50p134m5, still maintained a weak response to butyrate (Fig. 3B ). This result indicated that the putative TATA box is required for the ORF50 promoter to be fully active, but TATA is not required for the response to butyrate.
Sp1 markedly activates the ORF50 promoter in insect and mammalian cells. The next experiments were designed to determine whether Sp1 was competent to activate the ORF50 promoter and to determine whether the Sp1 site within the ORF50 promoter that had been identified as the butyrate response element was responsive to Sp1. The reporter ORF50p134luc and its mutants were transfected into Drosophila Schneider 2 cells, where endogenous Sp1 activity is absent (Fig. 4A) . Cotransfection of Sp1 strongly stimulated ORF50p/ luc activity (52-fold). Transfection of Sp3 exerted only minor effects. The response to Sp1 of mutant p134m1, in which the Sp1 site was replaced with linker DNA, was reduced fivefold. The other mutants still responded strongly to Sp1, including mutant p134m5, in which the putative TATA element was replaced by a linker. These experiments confirmed the functional importance of the Sp1 site in the ORF50 promoter and showed that the response to Sp1 was independent of the TATA element. A eukaryotic vector that overexpressed Sp1 transfected into HKB5/B5 human cells also stimulated the ORF50p/luc reporter in a dose-dependent manner (Fig. 4B) . The maximal dose of Sp1 expression plasmid used stimulated the reporter 14.9-fold above the background; butyrate stimulated the reporter 6.3-fold in the same experiment.
Sp1 and Sp3 form complexes with ORF50 promoter in vitro. To determine whether Sp1 and Sp3 bound ORF50 promoter DNA in vitro, a 50-bp DNA fragment encompassing nt 69 to 118 upstream of the ORF50 ATG was used as a probe in an EMSA (Fig. 5) . Nuclear extracts of HH-B2 cells that were untreated or treated with butyrate were tested for DNA binding activity (Fig. 5B) . Two abundant DNA-protein complexes (designated 1 and 2) were observed in untreated cells. Complex 2 reproducibly decreased in abundance in butyratetreated cells. Several less-abundant complexes (designated 3, 4, 5, and 6) appeared only in nuclear extracts from butyratetreated cells. On the basis of supershifts with antibody to Sp3, complexes 2 and 3 were identified as containing Sp3 (Fig. 5B,  lanes 18 and 19) . Antibody to Sp1 also induced a supershift of complexes formed on untreated and butyrate-treated cells, possibly derived from complex 1 (Fig. 5B, lanes 20 and 21) . Anti-Sp1 also eliminated complex 5, which was specific to butyrate-treated cells (Fig. 5B, lane 21, and D, lane 5) . Antibodies to Ku-70 and E2F1 did not produce any supershift or eliminate any complexes (data not shown).
Duplex oligonucleotides containing linker insertions and encompassing nt Ϫ42 to Ϫ118 of ORF50p were used as cold competitors in an EMSA ( Fig. 5A and B) . The only mutant oligonucleotide that competed effectively (GSM2) contained an Sp1 site and flanking sequences. Oligonucleotides lacking an Sp1 site, either as the result of linker replacement or deletion, i.e., GSM1, GSM4, GSM5, and GSM6, failed to compete for any of the complexes. Mutant GSM3, which contained an Sp1 site without flanking sequences, also did not compete. These experiments showed that Sp1 and Sp3 bound to the ORF50 promoter in vitro and that novel Sp1-and Sp3-related complexes appeared after butyrate treatment.
Effect of point mutants on ORF50p complex formation. The next experiment used point mutagenesis to determine whether the Sp1 site in ORF50p was required for formation of all the observed complexes. To address this question, a 25-bp DNA fragment from ORF50p (encompassing nt 97 to 121 upstream of ORF50 ATG) was used as a cold competitor for formation of complexes on ORF50p (Ϫ69 to Ϫ118). Nine mutants (GSM7 to GSM15) were generated from the competitor fragment by replacing 1 or 2 nt (Fig. 5C ). The 25-bp (Ϫ97 to Ϫ121) competitor completely inhibited all probe-protein complex formation (Fig.  5D, lanes 8 and 9) . Thus, all complexes observed on the probe from Ϫ69 to Ϫ118 are attributable to sequences from Ϫ97 to Ϫ118. Mutants GSM7, GSM8, and GSM15, containing nucleotide substitutions outside the Sp1 site, were as active competitors as duplex oligonucleotide from Ϫ97 to Ϫ121. Thus, nt 115 to 118 and 102 upstream of the ATG are not important in mediating DNA-protein complex formation. All of the remaining substitutions in the competitor oligonucleotide, from 2 nt upstream of the Sp1 site (GSM9) and including the Sp1 site, impaired competition but to varying degrees. Substitution of four nucleotides in the 3Ј end of the Sp1 site abolished binding of all complexes, indicating that the last 4 nt, CCCA, are most important for formation of the Sp1 site in the ORF50p. Substitution of 6 nt in the 5Ј end of the Sp1 site reduced but did not eliminate binding of all complexes. Mutant GSM9, with two nucleotide substitutions 5Ј of the Sp1 site (113 to 114), was slightly compromised in the competition assay. Some of complex 1 remained, but all of the other complexes were eliminated. These results strongly suggested that the Sp1 consensus site was responsible for all of the protein-DNA complexes formed on the region from Ϫ69 to Ϫ118 of ORF50p.
Expression of Sp1 and Sp3 in untreated and butyratetreated cells. The EMSA experiments suggested that new com- 6 ). Antibody to Sp3 detected three forms: 110, 70, and 23 kDa in untreated and butyrate-treated cells (Fig. 6) . In butyratetreated cells, Sp3 antibody revealed two new polypeptides of ϳ36 and 40 kDa (Fig. 6) . Butyrate induces dynamic binding of Sp1, CBP, and p300 to the ORF50 promoter in vivo. Most cellular signaling pathways utilize feedback control mechanisms to achieve tight regulation. We reasoned that the butyrate effect may also be temporally regulated. We used ChIP to study whether butyrate treatment affects the kinetics of association of Sp1 with ORF50p in living HH-B2 cells (Fig. 7A and B) . There is an increase in ORF50 mRNA by 4 h after butyrate treatment (Fig. 1B) . The level of Sp1 associated with ORF50p in vivo also increased at 4 h, diminished at 11 h after butyrate treatment, and returned to baseline levels at 24 h (Fig. 7AI, lane 10, and B, lanes 2 and  3) . By varying the number of PCR cycles, Sp1 could be detected in the 4-h sample at 26 cycles, in the 11-h sample at 28 cycles, and in the untreated and 24-h butyrate-treated samples at 32 cycles (Fig. 7B) . Sp1 did not bind to the ORFK8 coding sequence (Fig.7AII) . The K8 coding sequence was used as a negative control for the ORF50 promoter, since this stretch of DNA does not contain any consensus Sp1 binding site. Ku-70 could not be immunoprecipitated to ORF50p or to ORF K8. Antibody to Ku-70, which binds nonspecifically to the ends of DNA, was used as a negative control for antibody to Sp1. Thus, butyrate induction of Sp1 binding to ORF50p was specific and temporally regulated. Sp3 was constitutively associated with ORF50p and increased slightly 11 h after butyrate treatment (Fig.7CI, lane 3) . Thus, the kinetics of association of Sp1 and Sp3 with ORF50p were different. In a ChIP assay with antibody to Sp3, a band smaller than the expected size was also amplified (Fig.7CI) . This is likely to be due to nonspecific amplification. Sp3 was also found to associate weakly and nonspecifically with the K8 coding sequence (Fig.7CII) .
Several transcriptional coactivators, including histone acetylases, CBP/p300, and TATA-associated factors, associate with Sp1 (71, 78) . We detected a markedly enhanced association of CBP with ORF50p 4 h after butyrate treatment (Fig. 7C , lane 6) and with p300 (Fig. 7D, lanes 2 and 3) at 4 and 11 h after butyrate treatment. Neither CBP nor p300 associated with ORF K8 sequences. The kinetics of association of CBP and p300 with ORF50p following butyrate treatment was remarkably similar to that of Sp1. This result suggests that, following butyrate treatment, Sp1 may recruit these coactivators to the ORF50p. 
DISCUSSION
Experiments directed at understanding regulation of the latency to lytic replication switch not only address a fundamental unanswered problem in KSHV biology but they may illuminate the behavior of many viruses and control of cellular gene expression. The principal advantage of using the gammaherpesvirus system to address this phenomenon is that it is possible to manipulate the transition between latency and lytic cycle viral gene expression in cultured cells and to examine its molecular mechanism. Although butyrate has been known for many years to induce both EBV and KSHV lytic gene expression, its mechanism of action remains obscure (37, 48, 85) . Since butyrate is a histone deacetylase inhibitor that leads to global hyperacetylation of the tails of histones H3 and H4, it has been assumed that open chromatin formation, on the promoters of viral lytic cycle activator genes, such as the EBV ZEBRA and Rta genes, and the KSHV ORF50 gene, is sufficient to activate gene expression (10, 37) . This report emphasizes several novel aspects of butyrate action on the ORF50 promoter. The butyrate response element was shown to be colinear with an Sp1/Sp3 binding site. Using in vitro DNA binding assays, we demonstrated that, while Sp1 and Sp3 constitutively bound this site, other DNA binding proteins related to Sp1 and Sp3 were induced by butyrate. We proved that the butyrate-responsive element in the ORF50 promoter was a bona fide Sp1 binding site by showing that Sp1 protein activated the ORF50 promoter in Schneider insect cells, where there is very little endogenous Sp1 activity, and also, when overexpressed, in mammalian cells. Finally, Sp1 and its coactivators, CBP and p300, were found to be recruited to the ORF50 promoter within 4 h after butyrate treatment. Enhanced occupancy of the ORF50 promoter by Sp1 was transient, while Sp3 abundance at this promoter did not change detectably over 24 h. Taken together, the results of this study indicate that a principal downstream effect of butyrate treatment is to enhance the occupancy of the ORF50 promoter by The butyrate response element is an Sp1/Sp3 site. Although a very short fragment of the ORF50 promoter, located 134 bp upstream of the ORF50 ATG, contains most of the constitutive activity and confers most of the response to butyrate induction, we found that the reporters p2500Luc and p950Luc
were slightly more active than p134Luc in cells treated with butyrate (Fig. 2B) . This result indicates that there may be other weak butyrate-responding elements located between 134 and 950 bp upstream of the ATG. p2500Luc and p950Luc weakly respond to TSA, suggesting that there may also exist weak TSA responsive elements in this region that are not present in p134Luc (Fig. 2B) . ORF50 has been shown to up-regulate its own promoter in a variety of cell lines; however, the induction of the ORF50 promoter by butyrate does not depend on autostimulation, as we observed a similar level of induction by butyrate in cell lines that do not contain the KSHV genome (Fig. 4B) . The principal butyrate-responsive element was mapped to the consensus Sp1-binding site located between nt 103 and 112 upstream of ATG on the ORF50 promoter. This site was shown to be essential for both basal promoter activity and butyrate induction (Fig. 3) .
About two decades ago, the Sp1 protein was first described by Dynan and Tjian as a sequence-specific transcriptional activator that stimulated gene expression from a group of promoters including the simian virus 40 early promoter (18) . Dynan and Tijan showed that Sp1 bound to the DNA sequences within the tandem 21-bp repeats about 70 to 110 bp upstream of the transcription start site of the simian virus 40 early promoter (19) . Later on, they and others demonstrated that Sp1 binds to a GC-rich sequence and thereafter activates many genes that are involved in different aspects of cellular function (17, 29, 33) . Although Sp1 can be detected in most cell types, cells have evolved complicated mechanisms to regulate the expression level and activity of Sp1 protein to ensure precise control of cellular physiology. The Sp1 level varies among different cell types during development; the lowest level is found in fully differentiated cells (64) . Sp1 has also been shown to undergo alternative splicing to generate an amino-terminal truncated form that lacks transcriptional activation activity (53) . This truncated form of Sp1 may act as a repressor or as a coactivator for full-length Sp1 or other related proteins of the Sp family in different cell backgrounds. In addition, Sp1 has been shown to undergo proteosome-dependent and caspasemediated partial degradation to generate amino-terminal or carboxyl-terminal deletion forms that may modulate fulllength Sp1 activity or have unique functions (61, 75) .
Sp1 also undergoes posttranslational modifications, including phosphorylation and glycosylation (4, 5, 20, 31, 41, 44, 55, 60, 63, 84) . So far, there is no evidence supporting regulation of Sp1 activity through acetylation (22) . However, in view of the known action of butyrate as a histone deacetylase inhibitor, it will be important to examine the effect of butyrate on Sp1 acetylation. Glycosylation and phosphorylation have been shown to regulate Sp1 activity both positively and negatively under different circumstances. Glycosylation may regulate the cellular localization and stability of Sp1 protein, which indirectly affects Sp1-mediated transcription (26) . Many cellular kinases have been shown to phosphorylate Sp1 at different serine and threonine residues. These kinases include DNA-dependent protein kinase, casein kinase II, protein kinase C-␥, cyclin A-dependent kinase, mitogen-activated protein kinase/extracellular signal-regulated kinase, and protein kinase A (2, 25, 30, 44, 55, 62) .
Possible role of Sp3. Sp3, another member of the Sp family of transcription factors, mainly plays a negative role in regulation of gene expression, although it may also activate certain promoters (15, 40) . Using EMSA, we found that Sp3 also binds to the ORF50 promoter. Several novel Sp3-containing complexes were formed after butyrate induction (Fig. 5B and D) . We also noted that butyrate treatment decreased the intensity of the Sp3-containing complex 2, indicating that butyrate may induce partial degradation of Sp3. Western blot analysis confirmed that several faster-migrating Sp3 species were induced after butyrate treatment (Fig. 6) . We also found, by using ChIP, that the level of Sp3 associated with the ORF50 promoter in vivo did not change significantly after butyrate treatment (Fig. 7C ). This result suggests that the presumably truncated forms of Sp3 identified by EMSA do not differ much from the long form in terms of DNA binding capacity. However, it is not clear whether these short forms of Sp3 are altered in their properties as transcription factors, e.g., whether they change Sp3 from a transcriptional repressor to a coactivator on the ORF50 promoter. Butyrate also induces several novel DNA-protein complexes that are not disrupted or supershifted by Sp1 or Sp3 antibodies. We found that formation of these complexes also depends on the integrity of the consensus Sp1 site, suggesting that they may contain Sp-related proteins. It is possible that the Sp1 and Sp3 antibodies used in our assay do not recognize all Sp1 or Sp3 isoforms. However, it is also possible that these complexes contain other proteins not related to Sp1 or Sp3.
Butyrate activates some cellular genes via Sp1 sites in their promoters. Butyrate is a short-chain fatty acid that was originally identified in butter (52) . It is also produced in the colon by microbial fermentation of dietary fiber (59, 80) . Since butyrate is known to promote growth arrest and cellular differentiation, its role as a regulator of cellular gene expression, particularly in cancer cells, has recently received considerable attention. In cells derived from colon carcinoma, butyrate has been found to induce the p21 WAF1/CIP1 gene and the mitochondrial 3-hydroxy-3-methylglutaryl coenzyme A synthase gene via Sp1 sites in their promoters (7, 51) . The human insulin-like growth factor binding protein 3 promoter is activated via Sp1 sites in cells from breast cancer (79) . In murine and rat cells, the Sp1 site has been found to be important in induction of the promoters of the gamma glutamyl transferase, nonmuscle myosin heavy chain II-3, and galectin genes (6, 36, 45) . Butyrate is known to cause hyperacetylation of the tails of histones H3 and H4 in many cell types, including Friend leukemia cells, HeLa cells from cervical carcinoma, and CoCa from colon carcinoma (14) . Yet there is limited information that directly links this activity to the role of Sp1 in butyrate induction of gene expression. A single recent report suggests that histone hyperacetylation is not sufficient to activate the promoter of the p21 WAF1/CIP1 gene (32) . A serine/threonine kinase inhibitor, H7, suppressed the capacity of butyrate to induce p21 WAF1/CIP1 mRNA but did not influence the capacity of butyrate to cause hyperacetylation of H3 and H4 (32) .
Hypotheses that may link induction of ORF50 expression by butyrate to activity of Sp1. We have considered the following five hypotheses attempting to relate butyrate action to the activity of Sp1. Our experimental data address some of these possibilities. (i) Butyrate may alter the level of expression of Sp1. Since ORF50 is an immediate-early gene and expression of ORF50 occurs when protein synthesis is inhibited, it is unlikely that the earliest effects of butyrate result from enhanced Sp1 expression per se. Moreover, our data (Fig. 6) indicate that, 24 h after butyrate treatment, the level of Sp1 does not change significantly. (ii) Butyrate may enhance the nuclear localization of Sp1. However, nuclear extracts prepared from cells with and without butyrate treatment contained equal amounts of Sp1 (Fig. 6 ). (iii) By altering histone acetylation, butyrate may lead to chromatin remodeling that permits Sp1 to bind to the ORF50 promoter. This is the hypothesis favored by a report that appeared while our work was in progress (35) . Our data (Fig. 7) describing the kinetics of association of Sp1 with the ORF50 promoter in vivo show that Sp1 eventually falls off the ORF50 promoter. These data favor the idea that binding of Sp1 to the ORF50 promoter is regulated. If so, chromatin remodeling induced by butyrate must also be regulated. (iv) A likely hypothesis in our view is that butyrate treatment somehow alters Sp1 itself, allowing the protein to bind to ORF50 promoter DNA. The DNA binding activity of Sp1 is known to be regulated by phosphorylation. It is conceivable that butyrate treatment activates a kinase cascade that leads to phosphorylation of Sp1 in a manner that enhances its DNA binding activity. (v) Butyrate treatment may act by removing an inhibitor that prevents Sp1 from binding to DNA. This latter hypothesis raises the possibility that butyrate may induce a variety of posttranslational modifications that influence the capacity of Sp1 to interact with other proteins, either transcriptional coactivators or corepressors. In this context, the capacity of Sp1 to interact with coactivators such as CBP and corepressors such as histone deacetylases may be relevant.
Some problems for further investigation. One unanswered question is whether all KSHV lytic cycle-inducing stimuli converge on Sp1. Some KSHV-positive PEL cell lines (e.g., BC1 and BC3) are also induced to undergo lytic viral replication by the phorbol ester PMA (Fig. 1 ). Yet, in these cell lines, PMA treatment does not cause any detectable change of global histone H4 acetylation (Fig. 1) . Although the global chromatin acetylation level is not significantly different between untreated and PMA-treated cells, it is possible that PMA induces the KSHV lytic cycle through selective opening of chromatin at some KSHV genomes. TSA is a more potent inhibitor of histone deacetylase than is butyrate; nonetheless, TSA is less active in inducing the KSHV lytic cycle (Fig. 1) and only weakly activates ORF50 promoter luciferase reporter constructs ( Fig.  2 and 3 ). Butyrate is a more pleiotropic agent than TSA and may possess important additional effects. Histone hyperacetylation may not be sufficient for KSHV to switch from latency into the lytic cycle.
It will be very interesting to find out whether the consensus Sp1 site is also important for the activation of the ORF50 promoter in BC1 and BC3 cells by PMA and whether Sp1 protein is also induced to bind to the ORF50 promoter in these cells in vivo. An important unanswered question is whether different inducers of KSHV lytic replication use different cellular signaling pathways or converge on the same cell signaling component to activate ORF50 expression. Wang et al. found that C/EBP␣ activates the ORF50 promoter in transient reporter assay and that C/EBP␣ binds to the ORF50 promoter in JSC1 PEL cells after 40 h of TPA treatment (82) ; furthermore, they demonstrated that short-term TPA treatment induces cJUN phosphorylation and binding to ORF50 promoter, suggesting that AP1 activity may mediate the early phase of ORF50 induction after TPA treatment (81) . Future experiments should investigate whether butyrate induction is associated with enhanced activity of AP1 and C/EBP␣.
Another question for further study is whether butyrate induction of EBV and other related gammaherpesvirus lytic gene expression also operates via a linkage to Sp1. There are several Sp1-binding sites in the promoter of EBV Rta, an immediate-early gene which is a homologue of KSHV ORF50. While these Sp1 sites are important for autoactivation of the Rta promoter, their role in butyrate activation of the EBV lytic cycle has not yet been investigated (57) .
Our studies provoke the question of whether environmental triggers of viral lytic cycle activation may explain some of the perplexing epidemiology of KSHV infection. One of the unsolved mysteries of KSHV epidemiology is the marked geographic variation in the frequency of KSHV infection and its associated diseases. One possibility that merits further inquiry is that variations in components of the diet that generate butyrate may lead to differences in lytic cycle activation of KSHV. High levels of KSHV lytic replication may predispose people to a high frequency of KS and other KSHV-associated diseases.
